Introduction {#tca12584-sec-0001}
============

Breast cancer is one of the most frequent malignancies worldwide, and the second leading cause of cancer‐related mortality in the female population.[1](#tca12584-bib-0001){ref-type="ref"}, [2](#tca12584-bib-0002){ref-type="ref"} Despite advances being made in the management of breast cancer over the past several decades, approximately 20--25% of patients with early breast cancer relapse within five years of diagnosis.[3](#tca12584-bib-0003){ref-type="ref"} Because metastasis is the leading cause of cancer‐related death, revealing the mechanism of breast cancer metastasis is a matter of extreme urgency. Although many efforts have been made to show the mechanisms underlying both the emergence of drug resistance and the metastasis of breast cancer, these issues remain challenges to successful therapy.

Epithelial--mesenchymal transition (EMT) is a significant procession, which is characterized as cells losing polarity and cell contact, and is activated in tumor metastasis and resistance to chemoradiotherapy.[4](#tca12584-bib-0004){ref-type="ref"}, [5](#tca12584-bib-0005){ref-type="ref"} Activation of EMT is associated with changed expression of many genes, including downregulation of epithelial markers, such as occluden‐1 and E‐cadherin, and upregulation of mesenchymal markers, including N‐cadherin and vimentin.[6](#tca12584-bib-0006){ref-type="ref"} Many studies have shown that EMT is a critical process in tumor invasion and metastasis in breast cancer.[7](#tca12584-bib-0007){ref-type="ref"}, [8](#tca12584-bib-0008){ref-type="ref"}, [9](#tca12584-bib-0009){ref-type="ref"}

Manganese‐12 acetate (Mn12Ac) is a magnetically bistable molecule showing a combination of strong magnetic anisotropy and high spin properties.[10](#tca12584-bib-0010){ref-type="ref"}, [11](#tca12584-bib-0011){ref-type="ref"} However, there has been no report about the correlations between Mn12Ac and disease therapy, especially cancer. In the present study, we explored the biological function of Mn12Ac in breast cancer treatment.

Methods {#tca12584-sec-0002}
=======

Cell culture {#tca12584-sec-0003}
------------

The human breast cancer cell lines, MCF7 and MDA‐MB‐231, were cultured in RPMI‐1640 medium with 10% fetal bovine serum, 100 U/mL penicillin, and 100 g/mL streptomycin at 37°C in a humidified incubator containing 5% carbon dioxide.

We used 100 n[m]{.smallcaps} Mn12Ac (dissolved in H~2~O) to treat the breast cancer cells for 48 hours, and then detections were carried out.

Total RNA extraction and real‐time PCR assay {#tca12584-sec-0004}
--------------------------------------------

Total RNA was isolated from cancer cells using the RNeasy Mini Kit, as described by the manufacturer (Qiagen, Hilden, Germany), and used for real‐time PCR assay.

Real‐time PCR was used to detect the mRNA expressions of E‐cadherin, N‐cadherin, vimentin, snail, slug, twist1, ZEB1, and programmed cell death ligand 1 (PD‐L1). The PCR reactions were carried out in a total volume of 20 μL, including 10 μL of 2XPower SYBR Green PCR Master Mix (Applied Biosystems, Warrington, UK), 2 μL of cDNA (5 ng/μL) and 1 μL of primer mix (10 μ[m]{.smallcaps} each). PCR amplification and detection were carried out in a LightCycler 480 II (Roche Applied Science, Penzberg, Germany) as follows: an initial denaturation at 95°C for 10 minutes; 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. The relative gene expression was calculated using the comparative CT method. The gene expression of the target gene was normalized to an endogenous reference (glyceraldehyde 3‐phosphate dehydrogenase \[GAPDH\]), and relative to the calibrator were given by the formula 2−ΔΔCt. ΔCT was calculated by subtracting the average GAPDH CT from the average CT of the gene of interest. The ratio defines the level of relative expression of the target gene to that of GAPDH. The primers were as follows: E‐cadherin forward primer, 5′‐GAACGCATTGCCACATACAC‐3′; E‐cadherin reverse primer, 5′‐GAATTCGGGCTTGTTGTCAT‐3′; N‐cadherin forward primer, 5′‐GTGCCATTAGCCAAGGGAATTCAGC‐3′; N‐cadherin reverse primer, 5′‐GCGTTCCTGTTCCACTCATAGGAGG‐3′; vimentin forward primer, 5′‐TGAGTACCGGAGACAGGTCGAG‐3′; vimentin reverse primer, 5′‐TAGCAGCTTCAACGCAAAGTTC‐3′; snail forward primer, 5′‐ACCACTATGCCGCGCTCTT‐3′; snail reverse primer, 5′‐GGTCGTAGGGCTGCTGGAA‐3′; slug forward primer, 5′‐GCGCATGCTCCATTGTCTTAC‐3′; slug reverse primer, 5′‐AGGCACTTGGAAGGGGTATTG‐3′; twist1 forward primer, 5′‐AGAAGTCTGCGGGCTGTGGCG‐3′; twist1 reverse primer, 5′‐GAGGGCAGCGTGGGGATGATC‐3′; ZEB1 forward primer, 5′‐CTACTCAACTACGGTCAGCCC‐3′; ZEB1 reverse primer, 5′‐TTGGGCGGTGTAGAATCAGAG‐3′; PD‐L1 forward primer, 5′‐GAACTACCTCTGGCACATCCT‐3′; PD‐L1 reverse primer, 5′‐CACATCCATCATTCTCCCTTT‐3′; GAPDH forward primer, 5′‐AAATCCCATCACCATCTTCCAG‐3′; GAPDH reverse primer, 5′‐GAGTCCTTCCACGATACCAAAGTTG‐3′.

Western blotting assay {#tca12584-sec-0005}
----------------------

Cells were lysed in the lysis buffer (20 m[m]{.smallcaps} Tris, 2 m[m]{.smallcaps} ethylenediaminetetreaacetic acid, 50 m[m]{.smallcaps} 2‐mecaptoethanol, 10% glycerol, pH 7.4). The homogenates were placed on ice for 30 minutes and centrifuged at 12 000 *g* for 15 minutes at 4°C. Afterward, the protein concentrations of the lysates were determined using a Protein Assay Kit (Bio‐Rad, Richmond, CA, USA). Equal amounts of total proteins were loaded onto a 10% gradient polyacrylamide gel, electrophoretically transferred to polyvinylidene difluoride membrane, and then blocked with 10% non‐fat milk for two hours at room temperature. The membranes were incubated with specific primary antibodies overnight at 4°C and probed with corresponding secondary antibodies for one hour at room temperature. The protein bands were visualized using ECL Blotting Detection Reagents (Applygen, Beijing, China). The primary antibodies were as follows: E‐cadherin (1:1000; Santa Cruz Biotechnology, CA, USA), N‐cadherin (1:1000; Santa Cruz Biotechnology) Vimentin (1:1000; Santa Cruz Biotechnology), Wnt1 (1:1000; Santa Cruz Biotechnology), β‐catenin (1:1000; Santa Cruz Biotechnology), p‐PI3K (1:1000; Santa Cruz Biotechnology), PI3K (1:1000; Santa Cruz Biotechnology), p‐AKT (1:1000; Santa Cruz Biotechnology), AKT (1:1000; Santa Cruz Biotechnology), PD‐L1 (1:1000; Cell Signaling Technology, Danvers, MA, USA), and β‐actin (1:5000; Santa Cruz Biotechnology).

Cell proliferation assay {#tca12584-sec-0006}
------------------------

The tumor cell proliferation was analyzed by a Cell Counting Kit‐8 (Dojindo Laboratories, Kumamoto, Japan) based on the manufacturer\'s instructions. A total of 48 hours after Mn12Ac treatment, cells were seeded into 96‐well plates at a density of 8 × 10^3^ cells per well with 100 μL medium, and continued to incubate at 37°C. At the indicated time‐points, 10°μL Cell Counting Kit‐8 solutions were added to each well. After incubation at 37°C for one hour, the absorbance was measured with a plate reader at 450 nm. The growth curves were shown to reveal the growth rates.

Transwell assay {#tca12584-sec-0007}
---------------

For the transwell invasion assay, 60 μL of matrigel was diluted with precooled serum‐free medium in 1:4 ratios, and was added to the bottom of the transwell chamber and incubated for one hour at 37°C. Then, 2 × 10^5^ cells were seeded into the upper chambers (24‐well insert; pore size 8 μm), while medium supplemented with 10% FBS (600 μL) was placed in the lower chamber. After incubation at 37°C for 24 hours, cells on the top side of the inserts were removed gently with a cotton swab. The inserts were then fixed by 4% methanol for 15 minutes and stained with 0.1% crystal violet for 15 minutes. The average migratory cells were counted by randomly choosing five fields each time under the microscope. The experiments were repeated three times.

For the transwell migration assay, the remaining protocol was the same as the transwell invasion assay, except for the pre‐coat of the matrigel in the inserts.

Statistical analysis {#tca12584-sec-0008}
--------------------

All data were analyzed by Student\'s *t*‐test and one‐way analysis of variance using SPSS (SPSS, Chicago, IL, USA) and GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA). *P* \< 0.05 was considered as a significant difference. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 and \*\*\*\**P* \< 0.0001.

Results {#tca12584-sec-0009}
=======

Mn12Ac significantly inhibited the migration and invasion of MCF7 and MDA‐MB‐231 breast cancer cells {#tca12584-sec-0010}
----------------------------------------------------------------------------------------------------

In order to study the anti‐tumor activity of Mn12Ac, we used the transwell migration and invasion assays to measure the effects of Mn12Ac on breast cancer cell metastasis, the results showed that Mn12Ac could significantly inhibit the migration and invasion of MCF7 and MDA‐MB‐231 breast cancer cells (Fig [1](#tca12584-fig-0001){ref-type="fig"}a,b). We also found that Mn12Ac had no effects on the proliferation of MCF7 and MDA‐MB‐231 breast cancer cells (Fig [1](#tca12584-fig-0001){ref-type="fig"}c,d).

![Manganese‐12 acetate (Mn12Ac) inhibited the migration and invasion of MCF7 and MDA‐MB‐231 breast cancer cells. (**a**) Transwell assay analysis of the abilities on the tumor cell migration. (**b**) Transwell assay analysis of the abilities on the tumor cell invasion. (**c,d**) Cell Counting Kit‐8 assay analysis of the abilities on the tumor cell proliferation of (**c**) MCF7 and (**d**) MDA‐MB‐231. ![](TCA-9-353-g005.jpg "image") MCF7, ![](TCA-9-353-g006.jpg "image") MDA‐MB‐231, ![](TCA-9-353-g007.jpg "image") NC, ![](TCA-9-353-g008.jpg "image") Mn12Ac, ![](TCA-9-353-g009.jpg "image") Mn12Ac, negative control.](TCA-9-353-g001){#tca12584-fig-0001}

Mn12Ac significantly inhibited the EMT of MCF7 and MDA‐MB‐231 breast cancer cells {#tca12584-sec-0011}
---------------------------------------------------------------------------------

EMT is activated and plays important roles in tumor metastasis; therefore, we explored whether Mn12Ac affected the EMT process of breast cancer cells. The results showed that Mn12Ac significantly upregulated the epithelial marker E‐cadherin, and downregulated the mesenchymal markers N‐cadherin and vimentin in MCF7 and MDA‐MB‐231 cells by real‐time PCR assay (Fig [2](#tca12584-fig-0002){ref-type="fig"}a--c). We further found that in protein level, Mn12Ac also significantly upregulated E‐cadherin, and reduced the expressions of N‐cadherin and Vimentin by western blotting assay (Fig [2](#tca12584-fig-0002){ref-type="fig"}d).

![Manganese‐12 acetate (Mn12Ac) inhibited the epithelial--mesenchymal transition. (**a--c**). mRNA expressions of epithelial--mesenchymal transition markers using Real‐time PCR assay. (**d**). Protein expressions of epithelial--mesenchymal transition markers using Western blotting assay. ![](TCA-9-353-g010.jpg "image") MCF7, ![](TCA-9-353-g011.jpg "image") MDA‐MB‐231. GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; NC, negative control.](TCA-9-353-g002){#tca12584-fig-0002}

Mn12Ac significantly inhibited the EMT‐associated transcription factors in MCF7 and MDA‐MB‐231 breast cancer cells {#tca12584-sec-0012}
------------------------------------------------------------------------------------------------------------------

Snail, slug, twist1, and ZEB1 are the EMT‐associated transcription factors in cancer.[12](#tca12584-bib-0012){ref-type="ref"}, [13](#tca12584-bib-0013){ref-type="ref"}, [14](#tca12584-bib-0014){ref-type="ref"} Therefore, we want to know whether Mn12Ac regulated the EMT by affecting these transcription factors. Using real‐time PCR, we revealed that Mn12Ac significantly decreased the mRNA expressions of snail, slug, twist1, and ZEB1 in MCF7 and MDA‐MB‐231 cancer cells (Fig [3](#tca12584-fig-0003){ref-type="fig"}a--d). These results suggested that Mn12Ac inhibited the EMT of breast cancer cells by downregulating EMT‐inducing transcription factors.

![Manganese‐12 acetate (Mn12Ac) reduced the epithelial--mesenchymal transition associated transcription factors. ![](TCA-9-353-g012.jpg "image") MCF7, ![](TCA-9-353-g013.jpg "image") MDA‐MB‐231. GAPDH, glyceraldehyde 3‐phosphate dehydrogenase; NC, negative control.](TCA-9-353-g003){#tca12584-fig-0003}

Mn12Ac significantly inhibited the Wnt/β‐catenin and PI3K/AKT signaling pathways {#tca12584-sec-0013}
--------------------------------------------------------------------------------

Wnt/β‐catenin and PI3K/AKT signaling pathways play important roles in the regulation of EMT,[15](#tca12584-bib-0015){ref-type="ref"}, [16](#tca12584-bib-0016){ref-type="ref"}, [17](#tca12584-bib-0017){ref-type="ref"} and we predicted that Mn12Ac might inhibit the EMT of breast cancer cells through regulating these two pathways. Using western blotting assay, we found that Mn12Ac significantly reduced the expressions of Wnt1 and β‐catenin (Fig [4](#tca12584-fig-0004){ref-type="fig"}a). Mn12Ac could also inhibit the phosphorylation of PI3K and AKT in MCF7 and MDA‐MB‐231 breast cancer cells (Fig [4](#tca12584-fig-0004){ref-type="fig"}b).

![Manganese‐12 acetate (Mn12Ac) inhibited the Wnt/β‐catenin and PI3K/AKT signaling pathways, and decreased the programmed cell death ligand 1 (PD‐L1) expression. (**a**) Protein expressions of Wnt1 and β‐catenin were accessed by western blotting analysis. (**b**) Phosphorylation of PI3K and AKT were accessed by western blotting analysis. (**c**) Protein expression of PD‐L1 was accessed by western blotting assay. (**d**) mRNA expression of PD‐L1 was accessed by real‐time PCR assay. ![](TCA-9-353-g014.jpg "image") MCF7, ![](TCA-9-353-g015.jpg "image") MDA‐MB‐231. NC, negative control.](TCA-9-353-g004){#tca12584-fig-0004}

Mn12Ac decreased the expression of PD‐L1 both in mRNA and protein levels {#tca12584-sec-0014}
------------------------------------------------------------------------

PD‐1/PD‐L1‐targeted immunotherapy has emerged as a promising therapeutic strategy for breast cancer, and PD‐L1 expression was associated with EMT transition in breast cancer.[18](#tca12584-bib-0018){ref-type="ref"} Therefore, we explored whether Mn12Ac affected the PD‐L1 in breast cancer. Very interestingly, the results showed that Mn12Ac could reduce the mRNA and protein expression levels of PD‐L1 in MCF7 and MDA‐MB‐231 breast cancer cells by real‐time PCR and western blotting assay (Fig [4](#tca12584-fig-0004){ref-type="fig"}c,d).

Discussion {#tca12584-sec-0015}
==========

Breast cancer is the most common malignancy and the leading cause of cancer‐related death among women worldwide.[19](#tca12584-bib-0019){ref-type="ref"} Women aged from 20 to 59 years are most likely to be afflicted by breast cancer, and the age of onset has reduced in recent years and has been a public health problem.[20](#tca12584-bib-0020){ref-type="ref"} Cancer cell migration and invasion is a necessary step for metastatic dissemination that leads to rapid relapse and a poor prognosis in breast cancer patients. Development of a novel and effective treatment method to inhibit tumor metastasis is urgently required.

Wnt/β‐catenin and PI3K/AKT signaling pathways play important roles in regulating the EMT process in the carcinogenesis. In the present study, we found that Mn12Ac could reduce the protein expressions of Wnt1 and β‐catenin, and inhibit the phosphorylation of PI3K and AKT in MCF7 and MDA‐MB‐231 breast cancer cells. Lu *et al.* reported that L1, L5, and VLDL could promote breast cancer progression and metastasis through Akt‐induced EMT.[21](#tca12584-bib-0021){ref-type="ref"} Leptin was reported to promote the breast cancer cells EMT by activating the PI3K/AKT signaling pathway.[22](#tca12584-bib-0022){ref-type="ref"} miR‐564 could directly target the AKT2 and inhibit the PI3K/AKT pathway, and further inhibit the EMT process, proliferation, and invasion of breast cancer.[23](#tca12584-bib-0023){ref-type="ref"} Xie *et al.* found that FYN was transcriptionally regulated by FOXO1, and mediated FGF2‐induced EMT through both the PI3K/AKT and ERK signaling pathways.[24](#tca12584-bib-0024){ref-type="ref"} Harper *et al.* found that Her2+ disseminated cancer cells could activate the Wnt‐dependent EMT‐like dissemination program, but without complete loss of the epithelial phenotype, and this effect could be reversed by Her2 or Wnt inhibition.[25](#tca12584-bib-0025){ref-type="ref"} Overexpression of DACT2 induced breast cancer cell apoptosis, and further inhibited breast tumor cell proliferation, migration, and EMT, by suppressing the Wnt/β‐catenin signaling pathway.[26](#tca12584-bib-0026){ref-type="ref"} The present results further suggested that Mn12Ac might develop as a therapeutic drug in breast cancer treatment.

Mechanically, in our results, the phosphorylation of PI3K and AKT was inhibited by Mn12Ac. Previous studies reported that BRD4, FTO, and MACC1 could positively regulate the phosphorylation of PI3K and AKT, and miR‐200a and miR‐200b could negatively regulate the levels of p‐PI3K and p‐AKT.[27](#tca12584-bib-0027){ref-type="ref"}, [28](#tca12584-bib-0028){ref-type="ref"}, [29](#tca12584-bib-0029){ref-type="ref"}, [30](#tca12584-bib-0030){ref-type="ref"} Whether Mn12Ac inhibited the phosphorylation of PI3K and AKT by regulating the above genes or other downstream genes should be the subject of future studies.

Programmed death‐1 (PD‐1)/programmed cell death ligand 1 (PD‐L1) were identified as negative immunoregulatory molecules that promoted immune evasion of tumor cells.[31](#tca12584-bib-0031){ref-type="ref"} The interaction of PD‐1 and PD‐L1 inhibited the function of T cells while increasing the function of immunosuppressive regulatory T cells. Very interestingly, the present results found that Mn12Ac could significantly reduce the expression of PD‐L1 both in mRNA and protein expression levels in breast cancer cells.

Taken together, our results showed that Mn12Ac could significantly inhibit the migration, invasion, and EMT of breast cancer cells by suppressing the Wnt/β‐catenin and PI3K/AKT signaling pathways, and Mn12Ac could also reduce the expression of PD‐L1. However, the direct target of Mn12Ac is still unknown. In future studies, we will further explore the mechanism underlying the suppression of Mn12Ac on the migration, invasion, and EMT of breast cancer cells, and further identify the target of Mn12Ac.
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